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Edited by Felix WielandAbstract Pattern formation during silica biomineralization in
diatoms appears to depend on long-chain polyamines as well as
proteins covalently modiﬁed with polyamines (silaﬃns). Re-
cently, the complete genome of the diatom Thalassiosira pseudo-
nana has been sequenced making this species an attractive model
organism for future studies on biomineralization. Mass- and
NMR-spectroscopic analysis of the long-chain polyamines from
this diatom species reveals the existence of a complex population
with as yet unknown structural features. These include complex
methylation patterns, diﬀerent attachment moieties as well as the
existence of quaternary ammonium functionalities.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Diatoms are ubiquitous in the marine ecosystem and are a
major contributor to global carbon dioxide ﬁxation. The most
conspicuous trait exclusively shared by all diatoms is the nat-
ure of the cell wall, which is composed almost entirely of sili-
con dioxide [1]. Diatom cell walls are of remarkable beauty
and intricacy [2]. Therefore, this biomineralization has been re-
garded as a paradigm for controlled production of nanostruc-
tured silica. Cell wall formation occurs in a ﬂattened vesicle,
known as silica deposition vesicle [3]. The remarkable control
in vivo of the morphology of these intricate structures at small
length scales has attracted a great deal of interest in recent
years as these features exceed the capabilities of present-day
materials engineering in vitro. The formation of the nanostruc-
tures is controlled by organic molecules integrated in the cell
wall.
All genera of diatoms investigated so far incorporate highly
modiﬁed proteins (silaﬃns) and/or long-chain polyamines into
their silica based cell walls [4]. The polyamines have been char-
acterized as (N-methylated) polypropyleneimine chains (up to
20 repeated units) attached to putrescine [5]. In vitro studies
with these long-chain polyamines revealed their possible role
in the formation of biosilica [6–8]. Long-chain polyamines*Corresponding author. Fax: +49 941 943 2936.
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[9] and guide the formation of stabilized silica sols with particle
diameters in the 40–100 nm range [10]. In the presence of phos-
phate or other polyanions, long-chain polyamines undergo a
phase separation forming a microemulsion [11,12]. Mixing of
phase separated polyamines and polyamine-stabilized silica
sols results in the immediate formation of silica hexagons
[10]. Hexagonal silica structures represent main elements in
the architecture of diatom walls. A model based on phase sep-
aration processes has been proposed that is able to explain the
formation of hierarchically organized silica patterns as found
in diatoms of the genus Coscinodiscus [13].
Recently, the complete genome of the diatom Thalassiosira
pseudonana has been sequenced making this species an attrac-
tive model organism for future research [14]. T. pseudonana
genes encoding silaﬃns have already been identiﬁed [15]. In
addition, the polyamines present in the biosilica of this species
have been assumed to represent again N-methylated polyprop-
yleneimines attached to putrescine. However, as shown herein,
the structures of T. pseudonana polyamines are quite diﬀerent
and include as yet unknown chemical features.2. Materials and methods
2.1. Puriﬁcation of Polyamines
250 mg cell walls were suspended in 20 ml ammonium ﬂuoride
(10 M) at pH 5 and incubated at room temperature for 30 min. After
dilution, extracted polyamines were bound to a HighS cation exchange
resin in its NHþ4 -form (Bio-Rad). The resin was washed with H2O fol-
lowed by 2 N NH4OH. Polyamines were then eluted with 2 M NaCl/
100 mM NH3/50 mM ammonium acetate. The eluted material was size
fractioned on a Superdex-Peptide HR 10/30 column (Amersham
Pharmacia; running buﬀer 250 mM ammonium acetate; ﬂow was
0.3 ml/min). Polyamine-containing fractions were pooled and dried
by lyophylization.
2.2. Reductive methylation
Reductive methylation with sodium cyanoborohydride and formal-
dehyde was performed according to a previously described protocol
[16].
2.3. Mass spectrometry of polyamines
Mass spectra and fragmentation analysis were performed on a
MALDI-TOF/TOF instrument (Applied Biosystems 4700 Proteomics
Analyzer). Samples were applied in a DHB (2,5-dihydroxybenzoic
acid) matrix.
2.4. 1H NMR
Spectra were recorded on a Bruker DRX-500 spectrometer at
500 MHz 1H frequency.blished by Elsevier B.V. All rights reserved.
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Puriﬁed T. pseudonana cell walls were treated with concen-
trated aqueous ammonium ﬂuoride to release all organic mol-
ecules entrapped within the silica. The polyamines were then
adsorbed at pH 7.0 to a strong cation exchange resin. N-meth-
ylated polypropyleneimines are known to elute from this resin
by treatment with 4 N ammonia, but the T. pseudonana poly-
amines could only be recovered by elution with 2 M NaCl.
This observation indicated the existence of unusual polyam-
ines. Final puriﬁcation was achieved by size exclusion chroma-
tography. The polyamine containing fractions were analyzed
by mass spectrometry (Fig. 1A). Polyamines with m/z values
of 473, 487, and 501 predominate. Fragmentation of the m/z
473 species yields a series of main fragments diﬀering by 57
mass units which indicates the presence of a polypropylenei-
mine chain without any internal N-methylations (Fig. 1B).
The 1,3-diaminopropane-based structure 1 with 6 repeated
units (Fig. 1B) would explain this fragmentation pattern.
However, an isomer in which the di-methylated 1,3-diamino-
propane basis is replaced by a mono-methylated 1,4-diamino-
butane (putrescine) basis would create the same set ofFig. 1. Characterization of polyamines extracted from silica of the
diatom T. pseudonana. MALDI-TOF mass spectrometry of the puriﬁed
polyamine population (A) and fragmentation analysis (MALDI-TOF/
TOF) of the m/z 473.5 species (B). The interpretation of the
fragmentation pattern is given by structure 1.fragments. Discrimination among these alternatives required
additional structural information. Analogous fragmentation
patterns are found for the minor components with m/z 416
(473  57) as well as m/z 530 (473 + 57) indicating that these
species diﬀer in structure only by the number of repeated units
(ﬁve for the former and seven for the latter component).
Further characterization of the complex polyamine popula-
tion was done by reductive methylation using sodium cyano-
borohydride and formaldehyde or deuterated formaldehyde
(CD2O). Reductive methylation converts all the amino groups
within a polyamine to tertiary amino groups and the incorpo-
ration of (CD2H)-groups allows to distinguish by mass spec-
trometry between introduced and original methyl groups.
Reductive methylation of the polyamine 1 should produce a
derivative with m/z 557.6. Mass spectroscopic analysis of the
polyamine population after methylation indeed exhibits this
derivative as a main component together with another main
product with m/z 571.6 (Fig. 2A). Fragmentation of the m/z
557.6 species produces a highly regular pattern with fragments
diﬀering by 71 mass units (Fig. 2B). The fragmentation pro-
duces all fragments expected for the proposed structure 2 of
this permethylated derivative of polyamine 1. Repeating the
reductive methylation experiment and replacing formaldehyde
by CD2O produces the corresponding derivative with m/z
569.6 which after fragmentation yields the following m/z series:
86, 159, 232, 305, 378 and 451. This series conﬁrms that reduc-Fig. 2. Characterization of T. pseudonana polyamines by reductive
methylation. MALDI-TOF mass spectrometry of the permethylated
polyamine population (A) and fragmentation analysis (MALDI-TOF/
TOF) of the m/z 557.6 species (B). The interpretation of the
fragmentation pattern is given by structure 2.
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but not at the terminal nitrogen atoms as expected from struc-
ture 1 proposed for the parent polyamine.
After reductive methylation, the polyamine derivatives in-
clude another main product with m/z 571.6 besides the m/z
557.6 species (Fig. 2A). The increase of 14 mass units can be
explained either by the incorporation of a 1,4-diaminobutane
unit (putrescine) instead of 1,3-diaminopropane or by the pres-
ence of an additional methyl residue introduced by the exis-
tence of a quaternary ammonium group. Fragmentation
analysis of the m/z 571.6 derivative (Fig. 3) implies that both
these alternatives exist. This is because a main fragment exhib-
its an m/z 512. Preferential loss of 59 mass units indicates the
existence of a terminally located quaternary trimethylammo-
nium group. Fragmentation of such a polyamine would occur
preferentially next to the positively charged nitrogen atom
thereby eliminating trimethylamine (59 mass units). On the
other hand, there is a fragment series of 86, 171, 242, and
313 that clearly indicates the presence of a polyamine deriva-
tive that includes a putrescine moiety in its structure (Fig. 3).
The absence of a m/z 100 fragment excludes a terminal position
of this putrescine moiety. Instead, the fragment series favors
the internal position as depicted in structure 3a (Fig. 3). In line
with this interpretation is the strong signal seen for the frag-
ment m/z 455 which is the only species common to both series
of possible fragments produced from 3a. This structure can be
interpreted as a polyamine derived from a spermidine basis.
The data described so far indicate that the original poly-
amine population represents a highly complex mixture with
at least three diﬀerent structural classes of polyamines: poly-
amines derived from 1, polyamines with a spermidine basis
as well as polyamines with a quaternary ammonium group.
Therefore, we applied an additional separation step. About
30% of the original polyamine population present in the aque-
ous solution can be extracted by chloroform. Polyamines pres-Fig. 3. Fragmentation analysis (MALDI-TOF/TOF) of the m/z 571.6
species produced by reductive methylation of the T. pseudonana
polyamine population (Fig. 2A). The interpretation of the fragmen-
tation pattern is given by structures 3a and 3b.ent in the aqueous and the organic phase, respectively, were
again analyzed by mass spectrometry. The m/z 473 as well as
the m/z 487 species of the original polyamine population
(Fig. 1A) essentially remained in the aqueous phase, whereas
polyamine species with m/z 501 and 515 were found in both
the organic and the aqueous phase. However, fragmentation
analysis reveals a marked structural diﬀerence between the spe-
cies exhibiting identical m/z values but diﬀering in solubility as
documented for the m/z 515 species (Fig. 4). The chloroform
soluble species exhibits a fragment pattern matching the pre-
dicted pattern of the spermidine-based polyamine structure
4a (Fig. 4A). In contrast, the water soluble species produced
essentially a single fragment of m/z 456 (515  59). As men-
tioned above, preferential loss of 59 mass units indicates
the existence of a terminally located quaternary trimethyl-
ammonium group. The existence of a quaternary ammonium
group would explain why this species is nearly insoluble inFig. 4. Separation of the native T. pseudonana polyamine population
by chloroform extraction. After extraction, both the water and the
chloroform phase contain polyamine species with m/z 501.5 and 515.5.
MALDI-TOF/TOF fragmentation of the m/z 515 species soluble in
chloroform (A) and fragmentation of the m/z 515 species soluble in
water (B). The interpretation of the fragmentation patterns are given
by structures 4a and 4b. The exact location of the internal methyl
group in structure 4b cannot be determined from the fragmentation
pattern.
Fig. 6. Structure of the three classes of polyamines found in T.
pseudonana biosilica. Polyamines are either attached to a 1,3-diami-
nopropane basis or a spermidine basis. In addition, polyamines exist
with a terminally located quaternary ammonium group.
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amines represents partially methylated derivatives (methyla-
tion at one to three internal N-atoms) as shown for the m/z
515 species with two additional methyl groups.
Independent proof for the existence of polyamine species
containing a quaternary ammonium group could be obtained
by 1H NMR spectroscopy (Fig. 5). The signals could be
assigned unequivocally as indicated on the basis of their inten-
sities and line shapes as well as by comparison with reference
compounds [17]. Methyl residues attached to a quaternary
ammonium group display a diagnostic resonance at 3.13 ppm,
whereas the corresponding methylene groups give rise to a sig-
nal at 3.35 ppm that do not depend on the pH of the solution
as could be shown by using N,N,N-trimethyllysine as a refer-
ence. The NMR spectrum of the T. pseudonana polyamine
population clearly documents that the expected signals show
up. By intensity measurements, it is estimated that up to
15% of the polyamine population bear this functional group.
The intensities of the signals at 3.13 and 3.35 ppm behave
like 9:2 indicating the terminal location of the quaternary
ammonium group.
Taken together, the polyamine population found in biosilica
from T. pseudonana is represented by three diﬀerent structural
classes of polyamines: polyamines with a 1,3-diaminopropane
basis, polyamines with a spermidine basis and polyamines con-
taining a quaternary ammonium functionality (Fig. 6). Inter-
nal N-methylations lack either completely or are reduced to
1–3 internal N-methyl residues.
We have recently described novel lysine derivatives that
introduce quaternary ammonium groups into silica associatedFig. 5. 1H NMR spectrum of the native T. pseudonana polyamine
population measured at 298 K and pH 11. Polyamines were dissolved
in D2O. The signal labelled with ac. results from acetate anions present
in the polyamine solution.proteins [18]. The identiﬁcation of polyamine derivatives with
quaternary ammonium groups indicates that this cationic
modiﬁcation represents a general feature of silica associated
organic molecules from diatoms. It is well documented that
quaternary ammonium ions exhibit very speciﬁc interactions
in silica systems [19]. An interesting question to address is
the functional role of the diﬀerent sub-population of polyam-
ines. Model studies have shown that the degree of methylation
in polyamines aﬀects their action during silica formation [20].
Perhaps, the permanently cationic polyamines serve as stabiliz-
ers of silica sols thereby creating a silicon pool in diatoms as
proposed recently [10]. The complete elucidation of the struc-
tures of T. pseudonana polyamines is a prerequisite for the
study of their biosynthesis and of the enzymes involved. The
identiﬁcation of spermidine as well as 1,3-diaminopropane as
a structural basis of T. pseudonana polyamines indicates the
existence of alternative biosynthetic pathways.
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